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DECODING CIRCUIT AND ENCODING
CIRCUIT

Embodiments of the invention generally relate to a decod-
ing circuit and an encoding circuit.

Low-density parity-check (LDPC) codes are a class of
linear block codes. “Low-density” refers to the characteristic
that a LDPC parity-check matrix comprises only a few 1°s in
comparison to the amount of 0’s. LDPC codes provide a
performance which 1s very close to the channel capacity for a
lot of different channels and allow linear time complex algo-
rithms for decoding. Furthermore, LDPC codes are suited for
implementations that make heavy use of parallelism.

A LDPC code 1s defined by 1ts parity check matrix H. For
any parity check matrix H a corresponding bipartite graph
exists, called the Tanner graph, which comprises a set of
variable nodes (V) and a set of check nodes (C). A check node
C (with index 1) 1s connected to a variable node V (with index
J) in the Tanner graph 1f the element h,; of the parity check
matrix H 1s 1.

In decoding in the context of a data transmission, the num-
ber of columns N of the parity check matrix H corresponds to
the number of codeword bits of a codeword transmitted via a
communication channel. The codeword transmitted via the
communication channel comprises a number K of informa-
tion bits and a number M of parity check bits. The number of
rows of the parity check matrix H corresponds to the number
of parity check bits M. The corresponding Tanner graph com-
prises M=N-K check nodes C (wherein each check node
corresponds to a check equation given by one row of the
matrix H) and N varnable nodes, one for each bit of the

received codeword. Conventional LDPC decoders are 1llus-
trated 1n FIGS. 1 and 2.

FIG. 1 shows an LDPC decoder 100.

The LDPC decoder 100 comprises a block row sequence
controller 101, a storage memory 102, parity check update
blocks 103, a parity check function block 104, router circuitry
1035, bit update blocks 106 and reverse router circuitry 107.

For example, a ROM (read only memory) is used to store
the tanner graph, e.g. as part of the block row sequence
controller 101. Typically, a complicated control logic or state
machine 1s required for the control according to the Tanner
graph.

Furthermore, the routing/reverse routing networks, which
connect variable node and check node processors, typically

includes a large amount of bank of multiplexers.
FI1G. 2 shows an LDPC decoder 200.

The LDPC decoder 200 includes a ROM graph memory
201 for storing the tanner graph. The LDPC decoder 200
turther includes a first RAM (random access memory) 202 for
storing the data to be sent to the check nodes (1initialized with
the a-prior1 estimates or log-likelihood radios), a switch 203,
a check node processor block 204, a second RAM 2035 for
storing the check node processor output (Rcv) messages and
a parity check function block 206.

Also for this LDPC decoder, the switch 203 typically com-
prises a large amount of bank of multiplexers.

An object on which embodiments may be seen to be based
1s to provide an (LDPC) encoder and an (LDPC) decoder that
are more efficient and/or less complex than known LDPC
encoders and decoders.

This object 1s solved by the decoding circuit and the encod-
ing circuit with the features according to the independent
claims.

In one embodiment, a decoding circuit 1s provided com-
prising a data buifer, comprising a plurality of storage ele-
ments for storing data symbols and a processing circuit com-
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2

prising a plurality of inputs and a plurality of outputs. The
processing circuit 1s configured to process data symbols
received via the plurality of inputs and output the processed
data symbols via the plurality of outputs. Each storage ele-
ment of the plurality of storage elements 1s coupled to an
associated mnput of the plurality of inputs, wherein the asso-
ciation of the plurality of storage elements with the plurality
of inputs 1s determined by a first decoding parameter. Each
storage element of the plurality of storage elements 1s coupled
to an associated output of the plurality of outputs, wherein the
association of the plurality of storage elements with the plu-
rality of outputs 1s determined by a second decoding param-
cter. The first decoding parameter and the second decoding
parameter are determined by a decoding rule and the first
decoding parameter and the second decoding parameter are
not changed throughout the decoding process.

In another embodiment, an encoding circuit i1s provided
comprising a data buffer, comprising a plurality of storage
clements for storing data symbols and a processing circuit
comprising a plurality of inputs and a plurality of outputs. The
processing circuit 1s configured to process data symbols
received via the plurality of inputs and output the processed
data symbols via the plurality of outputs. Each storage ele-
ment of the plurality of storage elements 1s coupled to an
associated nput of the plurality of inputs, wherein the asso-
ciation of the plurality of storage elements with the plurality
of inputs 1s determined by a first encoding parameter. Each
storage element of the plurality of storage elements 1s coupled
to an associated output of the plurality of outputs, wherein the
association of the plurality of storage elements with the plu-
rality of outputs 1s determined by a second encoding param-
cter wherein the first encoding parameter and the second
encoding parameter are determined by a encoding rule
wherein the first encoding parameter and the second encoding
parameter are not changed throughout the encoding process.

[lustrative embodiments of the invention are explained
below with reference to the drawings. Embodiments which
are described in context of the decoding circuit are analo-
gously valid for the encoding circuit.

FIG. 1 shows a conventional LDPC decoder.

FIG. 2 shows a conventional LDPC decoder.

FIG. 3 shows a communication system according to an
embodiment.

FIG. 4 shows a first parity check matrix, a second parity
check matrix, and a third parity check matrix.

FIG. 5 shows a decoding circuit according to an embodi-
ment.

FIG. 6 shows an encoding circuit according to an embodi-
ment.

FIG. 7 shows a decoding circuit according to an embodi-
ment.

FIG. 8 shows a decoder according to an embodiment.

FIG. 9 shows VN-to-CNP and CNP-to-VN 1nterconnec-
tions according to an embodiment.

FIGS. 10A and 10B illustrate VN-to-CNP and CNP-to-VN
interconnections for one VN bank according to an embodi-
ment.

FIG. 11 1illustrates a VN-to-CNP 1nterconnection accord-
ing to an embodiment.

FIG. 12 shows a check node processor according to an
embodiment.

FIG. 13 illustrates the circuit design for a 2-input order
module and a 4-input order module.

FIG. 14 shows an Rcv update module according to an
embodiment.

FIG. 15 shows a decoder according to an embodiment.

FIG. 16 shows an encoder according to an embodiment.
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FIG. 17 shows an encoder according to an embodiment.

FIG. 18 shows a check node processor according to an
embodiment.

FIG. 19 shows a check node processor according to an
embodiment.

FI1G. 20 shows an encoder according to an embodiment.

FIG. 21 shows an encoder according to an embodiment.

FIGS. 22a and 226 show CNPs according to an embodi-
ment.

FIG. 23 shows panty check matrices according to an
embodiment.

FIG. 24 shows a check node processor according to an
embodiment.

FIG. 25 shows a conventional LDPC encoder architecture.

DETAILED DESCRIPTION

Embodiments described below 1n context of the encoding
circuit are analogously valid for the decoding circuit and vice
versa.

LDPC (low density parity check) code may for example be
used for data transmission from a sending device to a receiv-
ing device as 1t 1s 1llustrated 1n FIG. 3.

FI1G. 3 shows a communication system 300 according to an
embodiment.

The communication system 300 comprises a transmitter
301 that transmits data to be transmaitted 304 to a recerver 302
via a communication channel 303.

The data to be transmitted 304 1s encoded by an encoder
305 to a plurality of code words. The encoder 305 supplies the
encoded data 306 to a sending circuit 307 (for example com-
prising a modulator, a transmit antenna, etc.) that sends the
encoded data 306 to the receiver 302 via the communication
channel 303.

The encoded data 306 is recerved as recerved data 309 by a
receiving circuit 308 (for example comprising a demodulator,
a receive antenna, etc.). Since the code words are atfected by
noise of the communication channel 303 1n transmission, the
receiving circuit 308 does not reconstruct code words exactly
but generates log-likelihood ratios (LLR ) 309 for the recerved
codeword bits. These are supplied to a decoder 310 that
reconstructs the transmitted code words.

The encoder 305 and the decoder 310 are for example
configured according to an error correction code, for example
according to LDPC.

A LDPC code 1s defined by 1ts parity check matrix H. For
any parity check matrix H a corresponding bipartite graph
exists, called the Tanner graph, which comprises a set of
variable nodes (V) and a set of check nodes (C). A check node
C (with index 1) 1s connected to a variable node V (with index
j) in the Tanner graph if the element h;; of the parity check
matrix H 1s 1.

The number of columns N of the parity check matrix H
corresponds to the number of codeword bits of a transmitted
codeword. Each codeword comprises a number K of infor-
mation bits and a number M of parity check bits. The number
of rows of the panty check matrix H corresponds to the
number of parity check bits M. The corresponding Tanner
graph comprises M=N-K check nodes C (wherein each
check node corresponds to a check equation given by one row
of the matrix H) and N variable nodes, one for each bit of the
received codeword.

In a block-based LDPC code the parity-check matrices can
be partitioned 1nto square sub blocks (sub matrices) of size
/x7. A sub matrix 1s either a cyclic-permutation P, of the
identity matrix 1., or a null sub matrix.
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A cyclic-permutation matrix P, 1s obtained from the ZxZ
identity matrix by cyclically shifting the columns of the 1den-
tity matrix to the right by 1 elements. The matrix P, 1s the ZxZ
identity matrix.

For example, for Z=8

1 0 ... .. 0
0 1 0 0
Py = 0 ... 0
0 0 1 0
0 ... ... 0 1
01 . . 0
0 1 0
Pio=|... ... .. 1 0
0 ... ... 0 1
1 0 0 0
00 1 0
00 0 1
P,=|0 ... ..
1 0 ... 0
01 0 0

The matrices P, and P, are produced by cyclically shifting
the columns of the 1dentity matrix I =P, to the right by 1 and
2 places, respectively.

This structure allows processing of at least Z messagesin a
parallel fashion.

Examples for block-LDPC code parity check matrices H
are shown 1n the FIG. 4.

FIG. 4 shows a first parity check matrix 401, a second
parity check matrix 402, and a third parity check matrix 403.

Each parity check matrix includes 32 block columns (num-
bered 1 to 32). The first parity check matrix 401 includes 16
block rows (labelled 1 to 16), the second parity check matrix
402 includes 8 block rows (labelled 1 to 8), and the third
parity check matrix 403 includes 4 block rows (labelled 1 to
4).

In this examples, Z=21, and the codeword length 1s 672 (32
block columns times 21 sub block columns per block col-
umn), 1.e. the corresponding codes are length 672 LDPC
codes. The codes corresponding to the parity check matrices
401, 402, 403 were proposed for the emerging IEEE
802.15.3¢ high rate Wireless Personal Access Networks
(WPANSs) standard.

As one can see Trom the third parity check matrix 403, the
clements of the matrix are highly regular: Each block row 1s

a cyclic shift (of length 4) of 1ts above block row. Embodi-
ments described 1n the following can be seen to be based on
this type of highly structured LDPC codes.

FIG. 5 shows a decoding circuit 500 according to an
embodiment.

The decoding circuit 500 comprises a data builer 501 com-
prising a plurality of storage elements 502 for storing data
symbols.

The decoding circuit 500 further comprises a processing,
circuit 503 comprising a plurality of inputs 504 and a plurality
of outputs 505. The processing circuit 303 i1s configured to
process data symbols recerved via the plurality of inputs 504
and output the processed data symbols via the plurality of
outputs 505. Each storage element of the plurality of storage
clements 502 1s coupled to an associated input of the plurality

[
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of mputs 504, wherein the association of the plurality of
storage elements with the plurality of inputs 1s determined by
a first decoding parameter.

Each storage element of the plurality of storage elements
502 1s coupled to an associated output of the plurality of
outputs 5035, wherein the association of the plurality of stor-
age elements with the plurality of outputs 1s determined by a
second decoding parameter.

The first decoding parameter and the second decoding
parameter are determined by a decoding rule wherein the first
decoding parameter and the second decoding parameter are
not changed throughout the decoding process.

[lustratively, a coupling between the storage elements and
the processing circuit in a decoding (encoding) circuit 1s kept
constant during the decoding or encoding process, 1.€. 1S
selected 1n dependence of one or more parameters character-
1zing the decoding or encoding process, €.g. parameters given
by the decoding or encoding scheme such as specified by a
property code as for example given by a property of a parity
check matnx.

In one embodiment, the first decoding parameter and the
second decoding parameter are non-negative integers.

In one embodiment, the first decoding parameter and the
second decoding parameter each specity a shift of a block of
data symbols with respect to the plurality of inputs and the
plurality of outputs.

In one embodiment, the decoding rule 1s given by an error
correction code.

In one embodiment, the error correction code 1s a parity
check code.

In one embodiment, the error correction code 1s a low
density parity check code.

In one embodiment, the data symbols correspond to trans-
mission symbols received via a communication channel.

In one embodiment, the data symbols are Log-Likelithood
Ratios for the transmission symbols.

In one embodiment, the processing circuit 1s configured to
check based on the data symbols whether a pre-determined
criterion 1s fulfilled.

In one embodiment, the pre-determined criterion 1s based
on a parity checking of the data symbols.

In one embodiment, each storage element 1s configured to
output its stored data symbol to i1ts associated input.

In one embodiment, each storage element 1s configured to,
alter outputting 1ts stored data symbol to 1ts associated input,
receive another data symbol from its associated output, store
the other data symbol and output the other data symbol to its
associated 1nput.

In one embodiment, the coupling of each storage element
to 1ts associated 1nput 1s hard-wired.

In one embodiment, the coupling of each storage element
to 1ts associated output 1s hard-wired.

In one embodiment, the decoding circuit 1s a circuit for
both encoding and decoding.

This means that in one embodiment, there 1s resource shar-
ing between the encoder and the decoder.

In one embodiment, a method for decoding 1s provided
comprising coupling each storage element of a plurality of
storage elements for storing data symbols to an associated
input of a plurality of mputs of a processing circuit being
coniigured to process data symbols recerved via the plurality
of mputs and output the processed data symbols via a plurality
of outputs, wherein the association of the plurality of storage
clements with the plurality of inputs 1s determined by a first
decoding parameter; coupling each storage element of the
plurality of storage elements to an associated output of the
plurality of outputs, wherein the association of the plurality of
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storage elements with the plurality of outputs 1s determined
by a second decoding parameter; wherein the first decoding
parameter and the second decoding parameter are determined
by a decoding rule and wherein the first decoding parameter
and the second decoding parameter are not changed through-
out the decoding process.

For example, the coupling according to the first decoding
parameter and the second decoding parameter 1s not changed
throughout the decoding process.

In one embodiment, a method for encoding i1s provided
comprising coupling each storage element of a plurality of
storage elements for storing data symbols to an associated
input of a plurality of mputs of a processing circuit being
configured to process data symbols received via the plurality
ol inputs and output the processed data symbols via a plurality
ol outputs, wherein the association of the plurality of storage
clements with the plurality of mputs 1s determined by a first
encoding parameter; coupling each storage element of the
plurality of storage elements to an associated output of the
plurality of outputs, wherein the association of the plurality of
storage elements with the plurality of outputs 1s determined
by a second encoding parameter; wherein the first encoding
parameter and the second encoding parameter are determined
by a encoding rule and wherein the first encoding parameter
and the second encoding parameter are not changed through-
out the decoding process.

For example, the coupling according to the first encoding
parameter and the second encoding parameter 1s not changed
throughout the decoding process.

The processing circuit1s for example configured to pass the
data symbols recerved via the plurality of iputs to the plu-
rality of outputs (possibly processed).

The data butfer has for example M groups of storage units,
cach group comprising K*R banks of storage units, each bank
comprising N storage units;

The processing circuit for example includes N parity check
units (e.g. check node processors), each parity check umit
comprising M*K*R 1nputs, having one mput from each of
said M*K*R bank of storage units; and each parity check unit
comprising M*K*R outputs

In one embodiment, the N outputs of the storage units of
qth bank of pth group are associated to the ((p—1)*K*R+q)th
input of each of the said N parity check units

For example, the ((r-1)*K*R+s)th outputs of each of the N
parity check unit are associated to the N inputs of the storage
units of u th bank of r th group, s being different from u.

In one embodiment, the processing circuit comprises N/D
parity check units, D being an integer number, N/D being an
integer number, each parity check umt comprising M*K*R
inputs, having one input associated to each of said M*K*R
bank of storage units; and each parity check unit comprising
M*K*R outputs.

For example, a selected N/D outputs of the storage units of
qth bank of pth group are associated to the ((p—1)*K*R+q)th
input of each of the said N/D parity check units, followed by
another selected N/D outputs of the storage units of gth bank
of pth group are associated to the same ((p—1)*K*R+q)th
input of each of the said N/D parity check units; so that all N
outputs of the storage units of gqth bank of pth group are
associated to the same ((p-1)*K*R+q)th input of each of the
said N/D parity check units, 1n D rounds.

In one embodiment, the ((r-1)*K*R+s)th outputs of each
of the N/D parity check unit are associated with selected N/D
inputs of the storage units of u th bank of r th group, s being
different from u; followed by the same ((r—1)*K*R+s)th out-
put of each of the N/D parity check unit being associated to
another selected N/D inputs of the storage units of u th bank
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ol r th group; so that the same ((r-1)*K*R+s)th output of each
of the N/D parnty check unit being associated to all N inputs
of the storage units of u th bank of r th group, 1n D round

In one embodiment, the processing circuit, while encod-
ing, processes the data symbol, after being passed between
data buifer and itself for R times.

In one embodiment, one ‘macro layer’ of check nodes 1s
updated 1 one cycle, ndependent of the check node weights.
For the encoder, the encoding latency may be as small as the
number of ‘macro’ layers of the parity check matrix. Embodi-
ments may generate (at least) one bank of parity check bits at
one clock cycle.

In one embodiment, a decoder circuitry for decoding a
received data stream encoded according to a low density
parity check (LDPC) code 1s provided, wherein the circuitry
comprises a variable node memory for storing the iitial
probability values and the subsequent updated probability
values, parity check update units, for updating the probability
values and generating check note values, hard-wired inter-
connections, for routing said probability values from the out-
put of said variable node memory to said set of parity check
update units (e.g. parity check umits), and hard-wired inter-
links, for linking said updated probability values from said set
of parity check update units to the variable node memory.

In one embodiment, the parity check units process the
subsequent updated probability values, after being passed
between different variable node memory and different parity
check update units for B*R times, B being an integer number.

In one embodiment, the hard-wired interlinks route the
((r—1)*K*R+s)th output of each of the N/D party check
update units to a selected N/D 1nputs of the storage units of u
th bank of r th group, s being different from u; followed by the
same ((r—1)*K*R+s)th output of each of the N/D parity check
update units being routed to another selected N/D inputs of
the storage units of u th bank of r th group; so that the same
((r—1)*K*R+s)th output of each of the N/D parity check
update unit being routed to all N 1inputs of the storage units of
u th bank of r th group.

A memory used 1n the embodiments may be a volatile
memory, for example a DRAM (Dynamic Random Access

Memory) or a non-volatile memory, for example a PROM
(Programmable Read Only Memory), an EPROM (Erasable

PROM), EEPROM (Electrically Erasable PROM), or a flash
memory, €.g., a floating gate memory, a charge trapping
memory, an MRAM (Magnetoresistive Random Access
Memory) or a PCRAM (Phase Change Random Access
Memory).

In an embodiment, a “circuit” may be understood as any
kind of a logic implementing entity, which may be special
purpose circuitry or a processor executing software stored in
a memory, firmware, or any combination thereof. Thus, 1n an
embodiment, a “circuit” may be a hard-wired logic circuit or
a programmable logic circuit such as a programmable pro-
cessor, €.g. a microprocessor (e.g. a Complex Instruction Set
Computer (CISC) processor or a Reduced Instruction Set
Computer (RISC) processor). A “circuit” may also be a pro-
cessor executing soltware, e.g. any kind of computer pro-
gram, €.g. a computer program using a virtual machine code
such as e.g. Java. Any other kind of implementation of the
respective functions which will be described in more detail
below may also be understood as a “circuit” in accordance
with an alternative embodiment. A “block™ may for example
be understood to be a circuit.

FIG. 6 shows an encoding circuit 600 according to an
embodiment.

The encoding circuit 600 comprises a data butler 601 com-
prising a plurality of storage elements 602 for storing data
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symbols. The encoding circuit 600 turther comprises a pro-
cessing circuit 603 comprising a plurality of inputs 604 and a
plurality of outputs 605. The processing circuit 603 1s con-
figured to process data symbols recetved via the plurality of
inputs 604 and output the processed data symbols via the
plurality of outputs 605. Each storage element of the plurality
of storage elements 602 1s coupled to an associated mput of
the plurality of inputs 604, wherein the association of the
plurality of storage elements with the plurality of inputs 604
1s determined by a first encoding parameter.

Further, each storage element of the plurality of storage
clements 602 1s coupled to an associated output of the plural-
ity of outputs 605, wherein the association of the plurality of
storage elements with the plurality of outputs 602 1s deter-
mined by a second encoding parameter.

The first encoding parameter and the second encoding
parameter are determined by an encoding rule wherein the
first decoding parameter and the second encoding parameter
are not changed throughout the encoding process.

The data symbols are for example (at least partially) infor-
mation bits to be encoded. The encoder for example generates
parity check bits for the information bits.

In one embodiment, the processing circuit, while decod-
ing, processes the subsequent updated probability values,
alter being passed between data bufler and itself for B*R
times, B being an integer number.

The processing circuit may be used for both encoding and
decoding, 1.e. the circuits 500 and 600 may be combined 1nto
one circuit.

In one embodiment, a communication system comprising a
receiver with a decoding circuit as described above and a
transmitter with an encoding circuit as described above 1s
provided.

An example for a high throughput LDPC decoder archi-
tecture according to one embodiment 1s described 1n the fol-
lowing with reference to FIG. 7.

FIG. 7 shows a decoding circuit 700 according to an
embodiment.

In one embodiment, layered decoding 1s employed for
better convergence, as described 1n copending and commonly
assigned application Ser. No. 10/806,879 filed Mar. 23, 2004,
published as U.S. Patent Application Publication No. US
2005/02042771 A1, incorporated herein by reference. In FIG.
7, the input/output builering registers are not shown for sim-
plicity.

The decoding circuit 700 comprises a memory 703 storing
the Log-Likelihood Ratios (LLRs) for a recerved codeword
(1..1s 1n one embodiment imtialized with the Log-Likelihood
Ratios for the received codeword or an a-prion estimate for
the recerved code word).

The memory 703 interchanges the a posterior1 LLR (Qv)
messages with a check node processor array 704 by means of
a first Interconnection 701 and a second interconnection 702.
For example, the data symbols stored in the memory 703 are
updated (starting from the LLR for the received codeword
supplied by the receiving circuit 310) 1n each 1teration to
a-posteriori estimates Qv.

In one embodiment, unlike conventional decoders, the
interconnections 701, 702 between the memory 703 and the
check node processor array 704 are hardwired without com-
plicated control logic and banks of multiplexers. Further-
more, in one embodiment, the decoding circuit 700 does not
include a memory for storing the parity check matrix.

An example of a more detailed structure of the LDPC
layered decoder in accordance with one embodiment is
shown in FIG. 8.

FIG. 8 shows a decoder 800 according to an embodiment.
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In this example, the memory 703 1s a variable node (VN)
array including a plurality of memory banks 801-803 (num-
bered 1 to 32) and the check node processor array includes a
plurality of check node processors 806-809.

In this example, the number of memory banks (32) and the
number of check node processors (21), the number of mnputs
and outputs of each check node processor (32) as well as the
interconnection between the memory banks and the check
node processors (corresponding to the interconnections 701,

702) corresponds to the LDPC codes defined in IEEE
802.15.3¢ draft as given by the parity check matrices 401,
402, 403 1llustrated 1in FIG. 4.

The Variable Node (VN) array 801-805 1s a variable node
memory. The array 801-805 1s mitialized with the channel
LLRs, 1.e. with the log-likelihood ratios for the current code-
word (1.e. the codeword to be currently decoded) supplied by
the recerving circuit 308.

The length of the array 801-8035 i1s the codeword length
6’72. The banks 801-803 are grouped into M=8 groups. Each
bank 801-805 comprises N=21 storage units. The 21 storage
units of each bank 801-805 are connected to the mput of the
21 check node processors 806-809, wherein each storage unit
1s coupled to the input of exactly one check node processor
806-809.

The decoding circuit 800 1ncludes a parity check function
block 810 to test the convergence of the decoding process (for
example comprising a plurality of iterations) and to provide
the inherent early stop mechanism for the decoder.

As illustrated in F1G. 7, there are two interconnections 701,
702 which may be seen as two types of routing networks, 1.¢.,
the VN-to-CNP network and the CNP-to-VN network. In one
embodiment, these networks are hardwired.

The connection between the output of the VN array 801-
805 (i.e. the storage elements of the banks 801-8035) and the
inputs ol the CNP array 806-809 may be seen to be given by
a first decoding parameter, namely by the first block-row of
the third parnty-check matrix 403 1n a cyclic shift manner.

For example, since H(1,1)=0 (please note that H 1s inter-
preted here as a 4x32 matrix of sub matrices; an entry 1 thus
denotes the permutation matrix P,), the first VN bank 801 1s to
be connected to the first input of each CNP 1n a 1-to-1 manner
without permutation, 1.e. the first storage element of the first
VN bank 801 1s coupled to the first input of the first CNP 806,
the second storage element of the first VN bank 801 1s coupled
to the first input of the second CNP 807 and so on.

This part of the VIN-to-CNP interconnection 1s illustrated
as first bank connections 811 and 812 1n FIG. 8.

Since H(1,2)=18, the second VN bank 802 is to be con-
nected to the second 1mput of each CNP 1n a way that VN2
(19)—=CNP1, VN2(20)—=CNP2, . . ., VN2(2)—=CNP5, VN2
(1)=CNP4, wherein VN2(1)—=CNPj means that the ith
storage element of the second bank 802 1s coupled with the
(second) input of the jth CNP.

This part of the VN-to-CNP interconnection 1s 1llustrated
as second bank connections 813 and 814 in FIG. 8.

The CNP-to-VN interconnection, 1.e. the connection
between the outputs of the CNP array 806-809 and the imnputs
of the VN array 801-805 may be seen to be given by a second
decoding parameter, namely the 4-cyclic structure of the third
parity check matrix 403. For example, the order of the first
tour entries 404, 405, 406, and 407 (from leit to right) 1n the
first block-row of the third parity matrix 403 occur 1n the
second block-row of the third parity check matrix 403 in the
order fourth entry 407, first entry 404, second entry 403, and
third entry 406, 1.¢. according to a one cycle right shift com-
pared to the first row.
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The CNP-to-VN interconnection corresponding to this
regular code structure, 1.e. the routing network from CNPs
806-809 to VN array 801-8035 1s illustrated as first group
connections 815 to 818 1n FIG. 8. Please note than one may
consider the banks 801-805 forming M=8 groups of four
banks each according to this cyclic CNP-to-VN interconnec-
tion structure.

The first group connections 815 to 818 comply with the
cyclic structure of the code given by the third parity check
matrix 403 1n FIG. 4: The second outputs of the CNP array
(1.e. the second outputs of all CNPs 806-809) are coupled to
the first VN bank 801 via connection 816, the third outputs of
the CNP array are coupled to the second VN bank 802 via
connection 817, the fourth outputs of the CNP array are
coupled to the third VN bank 803 via connection 818, and the
first outputs of the CNP array are coupled to the fourth bank
804 via connection 815.

The VN-to-CNP interconnection 1n this way facilitates the
decoding process to update the messages 1n one block row 1n
one cycle, and start to process the message of the next block
row 1n the next cycle. With thus architecture, only four cycles
are needed for one iteration of the decoding process. This 1s
true not only for the code corresponding to the third parity
check matrix 403 but also for the codes corresponding to the
first parity check matrix 401 and the second parity check
matrix 402 as will be explained 1n more detail below.

With the direct hardwired VN-to-CNP and CNP-to-VN
interconnections, the exemplary architecture illustrated in
FIG. 8 1s especially well suited for the LDPC codes corre-
sponding to the parity check matrices 401, 402, and 403.

The VN-to-CNP and CNP-to-VN 1nterconnections of the
first group of banks (banks 801-804) according to one
embodiment are illustrated 1n FIG. 9.

FIG. 9 shows VN-to-CNP and CNP-to-VN 1nterconnec-
tions according to an embodiment.

A CNP array 900 corresponds to the CNP array 806-809.

A first bank 901, a second bank 902, a third bank 903, and
a fourth bank 904 correspond to the first group of banks
801-804. The interconnection illustrated in FIG. 9 thus 1llus-
trates the connection 1n accordance with the first four entries
of the third parity check matrix 403.

Specifically, first cyclic shift blocks 9035-908 correspond to
the first four entries of the third parity check matrix 403 and
cach first cyclic shuft block 905-908 carries out a cyclic shait
of the data symbols stored in the corresponding bank 901-904

in accordance with the corresponding entry of the third parity
check matrix 403 (i.e. the corresponding permutation
matrix).

To be 1n the correct order for the next cycle, the outputs of
the CNP array 900 are cyclically shifted by second cyclic shift
blocks 909-912 which carry out the reverse cyclic shift to the
cyclic shift carried out by the first cyclic shiit blocks 905-908.
Specifically, a cyclic shiit of O 1s reversed by a cyclic shiit of
0, a cyclic shiit of 18 1s reversed by a cyclic shift of 3 (to have
21 total which corresponds to 0 because of the length of 21 of
cach bank 901-904), a cyclic shift of 6 1s reversed by a cyclic
shift of 15 (to have 21 total), and a cyclic shift of 5 1s reversed
by a cyclic shift of 16 (to have 21 total).

The cyclic shift shown as the cyclic shiit blocks 901-904,
909-912, are, 1n one embodiment, as shown in FI1G. 8, realized
by a corresponding wiring of storage elements to inputs and
outputs to storage elements, respectively.

The mput/output wiring of the first VN bank 901 1s 1llus-
trated 1n FIG. 10A and the input/output wiring of the second
VN bank 902 1s illustrated in FIG. 10B 1n a “top view”.
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FIGS. 10A and 10B 1llustrate VN-to-CNP and CNP-to-VN
interconnections for one VN bank according to an embodi-
ment.

CNP arrays 1003, 1008 correspond to the CNP array 900.
A first bank 1001 corresponds to the first bank 901 and a
second bank 1006 corresponds to the second bank 902. First
cyclic shift blocks 1002, 1007 correspond to first cyclic shiit
blocks 905, 906, respectively, and second cyclic shift blocks
1004, 1009 correspond to second cyclic shift blocks 909, 910,
respectively.

The output of the first bank 1001 connects directly to the
first input of the CNP array 1003 through O-shaft first cyclic
shift unit 1002. The 1mnput of the first bank 1001 comes from
the second output of the CNP array 1003, as specified by the
4-cyclc cyclic structure of the parity check matrix 403. The
CNP-to-VN interconnection cyclic shift (allustrated by cyclic
shift block 1004) 1s the reverse shift of the cyclic shift of the
VN-to-CNP interconnection (1llustrated by cyclic shift block
1007) of the second VNN bank 1006 to the second input of CNP
array 1008 (cyclic shaft 3).

A first plurality of connections 1003 are direct 1-to-1 con-
nections between (first bank) second cyclic shift block 1004
and the first bank 1001. Please note that the cyclic shift of the
cyclic shift block 1004 can be realized by a corresponding
wiring.

The outputs of the second bank 1006 are coupled to the
second inputs of the CNP array 1008 via the (second bank)
first cyclic shift block 1007 implementing a cyclic shift of 18
since H(1,2)=18.

The cyclic shift of the CNP-to-VN 1nterconnection (illus-
trated by cyclic shift block 1009) 1s the reverse of the cyclic
shift of the VN-CNP iterconnection of the third VN bank
903 to the third input of CNP array 900. A second plurality of
connections 1010 are direct 1-to-1 connections between (sec-
ond bank) second cyclic shift block 1009 and the second bank
1006.

The mput/output wiring of the VN banks 801-805 with the
CNP array 806-809 1s 1llustrated in FIG. 11 1n a “front view”.

FIG. 11 illustrates a VN-to-CNP interconnection accord-
ing to an embodiment.

The illustration of the VN-to-CNP interconnection as
shown i FIG. 11 shows the correspondence of the VIN-to-
CNP interconnection with the 4-cyclic structure of the code
corresponding to the third parity check matrix 403.

First group connections 1101, corresponding to the first
group connections 8135 to 818, comply with the cyclic struc-
ture of the code given by the third parity check matrix 403:
The first group connections 1101 connect CNP2—=VNI1, 1.e.
the second outputs of the CNP array are coupled to the first
VN bank designated by VN, via the first group connections
1101.

Analogously, the first group connections 1101 connect
CNP3—=VN2, CNP4—=VN3, and CNP1—=VN4. The connec-
tion of the first group connections 1101 corresponds to the
4-cyclic structure of the block columns 1 to 4 of the third
parity check matrix 403 (1.e. the cyclic right shift by one from
block-row to block row 1n the first four block columns 1-4).

Further, similarly, second group connections 1102 con-
nects CNP6—=VN6, CNP7—=VN6, CNP8—=VN7, and
CNP5—=VNS corresponding to the 4-cyclic structure of the
third parity check matrix 403. The connection of the second
group connections 1102 corresponds to the 4-cyclic structure
of the block columns 5 to 8 of the third parity check matrix
403 (1.e. the cyclic right shiit by one from block-row to block
row 1n the second four block columns 3-8).

For the other s1x bank groups the VN-to-CNP 1nterconnec-
tion (VN-to-CNP network) includes similar group connec-
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tions that take account of the four cyclic structure of the
respective block columuns of the third parity check matrix 403.

It has been found that the particular sequence 1n which the
block-rows of the parity check matrices are processed can
aifect the decoding performance. The natural sequence dis-
cussed above and 1illustrated 1n FIG. 8 1s for illustration pur-
pose only. In other embodiments, better error rate perior-
mance may be obtained by the re-ordering of the block-row
decoding sequence. For this, the interconnections 1llustrated
in FIG. 8 may be rewired.

Table 1 gives a comparison between the architecture 1llus-
trated 1n FIG. 1, the architecture 1llustrated 1in FIG. 2 and the

architecture of an embodiment, e¢.g. similar to the one
described above with reference to FIG. 8.

TABLE 1

Architecture Architecture
Method of FIG. 1 of FIG. 2 Embodiment
CNPs -> VNs Bank of Bank of hardwired
interconnect multiplexers multiplexers
VNs -> CNPs Bank of Bank of hardwired
interconnect multiplexers multiplexers
ROM to store Hs yes yes no
RAM to store R and Same Same Same
LLR
Bit node update Complicated Simple Simple
Overall memory High High Low
requirement
Overall Complexity High High Low
Throughput Low Low High
Cyclicity no no yes

Requirement on the H

The architecture of a check node processor according to an
embodiment 1s illustrated in FIG. 12.

FIG. 12 shows a check node processor 1200 according to
an embodiment.

The check node processor 1200 includes a plurality of
iputs 1201 coupled, as described above, with the outputs of
the VN banks 801 to 805.

The check node processor 1200 further includes a plurality
of outputs 1202 coupled, as described above, with the inputs
of the VN banks 801 to 805.

Corresponding to the example illustrated 1n FIG. 8, the
check node processor includes 32 inputs 1201 and 32 outputs
1202.

Via each mput, the check node processor 1200 recerves an
a-posteriori estimate Qv and outputs an updated a-posteriori
estimate Qv via the respective output.

To decode one block-layer 1n just one cycle, the data path of
the CNP 1200 1s, 1n one embodiment, purely combinational.

An Rcv update module 1203 performs updates of the prob-
ability values Rcv.

An updated Rcv value output by the Rcv update module
1203 1s feedback to a respective memory 1204 corresponding,
to the same VN bank as the Qv value from which the updated
Rcv value was generated.

Each memory 1204 1s operated 1n a first-in first-out (FIFO)
manner, for example implemented with shift registers or a
RAM and 1s configured to store four values. Since 1n each
cycle, one Rcv value 1s generated and fed to the memory
1204, an updated Rcv value will be output by the memory
1204 after four cycles (1.e. 1n the next iteration) and the
updated Rcv value will thus be output by the memory 1204 in
the cycle when the nghtiul Qv 1s mput, the Qv corresponding
(1.e. being an update of) the Qv value from which the Rcv
value was generated. This 1s because the Qv values follow the
four cycle structure (e.g. 1llustrated 1n FIG. 11) and re-visit
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(possibly updated) a VN bank every four cycles and thus are
re-mnput (possibly updated) via an mput 1201 every four
cycles.

An Rcv value output by a memory 1204 1s subtracted from
the Qv value received by the corresponding mput 1201 by a
subtractor 1205. The result 1s fed to the Rcv updated module
1203 and to an adder 1205 where it 1s added to the updated
Rcv value to generate the updated Qv value.

The architecture of the Rcv update module 1203 according,
to an embodiment 1s explained 1n the following with reference
to FIGS. 13 and 14. In this embodiment, the normalized
min-sum algorithm (NMS) 1s adopted for 1llustration.

FIG. 13 illustrates the circuit design for a 2-input order
module 1301 and a 4-input order module 1302.

The 2-1nput order module 1301 compares two amplitude
inputs and outputs them 1n a sorted manner (the minimum via
the upper output and the maximum of the two values via the
lower output). The 4-input order module 1302 takes two
groups ol pre-ordered amplitude mputs (i1.e. each group 1is
ordered mto minimum and maximum of the group) and out-
puts the mimmum and the second minimum (1.e. outputs the
two lowest values of the four input values x1 to x4). As shown,
the pre-ordering of the input to the 4-input order module 1302
1s achueved by two 2-mnput order modules 1301 coupled 1n
front of the 4-input order module 1302. To determine the
second minimum, a 3-input mimmum module 1303 (1.e. a
module outputting the least value of three mput values) 1s
used by the 4-input order module.

The indexing of the minimum 1s not shown in FIG. 13 for
simplicity.

An Rcv update module based on the 2-input module 1301
and the 4-mput module 1302 1s 1llustrated 1n FIG. 14.

FI1G. 14 shows an Rev update module 1400 according to an
embodiment.

Corresponding to the number of VN banks in the example
shown 1n FIG. 8, the Rcv update module 1400 1s a 32-1nput
Rcv update module. The Rcv update module 1400 1s purely
combinational.

The Rcv update module 1400 includes four 8-input mod-
ules 1403 wherein the structure of the 8-input modules 1403
1s 1llustrated for the uppermost 8-input module 1403 as an
example.

The 8-input modules 1403 include, for each of their inputs,
a splitting unit 1404 which splits, for a value received via the
input, the value into 1ts sign (output from the upper output of
the splitting unit 1404") and 1ts amplitude (output from the
lower output of the splitting unit 1404).

The signs of the 32 input values, numbered from 1 to 32 are
grouped into four groups of eight signs. These four groups are
input to a sign determination, circuit 1430 which may be part
of the Rcv update module 1400 but 1s shown separately 1n
FIG. 14 for better overview.

The si1gns for each group of s1igns are XORed by first XOR
clements 1413-1416. The outputs of the first XOR elements
1413-1416 are further paired up and XORed by second XOR
clements 1417, 1418. The outputs of the second XOR ele-
ments 1417, 1418 are XORed by a third XOR element 1419
which generates as 1ts output a global sign.

Each 8-mnput module 1403 includes as last stage a 4-input
module 1402 and thus (ct. FIG. 13) outputs two values. For
cach 8-input module 1403 the two values output by the 8-1n-
put module 1403 are scaled by a same constant by scaling
modules 1405 which generates respective scaled pairs of
output values 1406-1409.

Similar to the sign operation, these pairs of output values
1406-1409 are further paired up to be used as mput to two
4-1nput modules 1431 which output pairs of values 1410,
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1411 which are again fed to an 4-mput module 1432 which
generates a final pair of output values 1412.

All these local/global amplitudes/signs, 1.e. the pairs of
values 1406 to 1412 and the signs output by the XOR ele-
ments are mput to a selection module 1420.

The selection module 1420 may be part of the Rcv update
module 1400 but 1s shown separately in FIG. 14 for better
OVEIrvIew.

The operation of the selection module 1420 may be con-
trolled by the coding rate.

The selection module 1420 generates four groups of
desired signs and amplitudes 1421 to 1424 according to the
specified coding rate, 1.e., 1n this example, 12, 34, or 74.

Each group 1421 to 1424 1s a group comprising a mini-
mum, a second minimum, a sign and an index of the mini-
mum.

Each group 1421 to 1424 controls one group 1425 of four
groups of multiplexers to get the righttul amplitude for each
group. Fach group of multiplexers 1s part of an output stage
module 1433 which are shown separately in FIG. 14 for a
better overview.

In each output stage module 1433 the amplitudes are com-
bined with the signs by combiners 1426 to get the updated
Rcv values which form the 32 outputs of the Rcv update
module 1400.

With the careful design of the parity check matrices,
embodiments such as the one 1llustrated in FIG. 7 can support
multiple LDPC codes with same length and different rates. In
one embodiment, to support this, these parity check matrices
are derived from one ‘mother’ code. In one embodiment, as
‘mother’ code, the code corresponding to the third parity
check matrix 403 1s used. It has 4 layers with a coding rate

:7/8.

From this code the rate 34 code given by the second parity
check matrix 402 and the V2 rate code given by the first parity
check matrix 401 may be constructed in a way that the 4-cycle
cyclic property 1s maintained.

This can be done through column-wise expansions of the
‘mother’ parity check matrix, 1.e. the third parity check matrix
403. For example, consider, the second parity check matrix
402. Two block-rows of the second parity check matrix 402
may be generated by expansion of one block-row of the third
parity check matrix 403. It may be said that the code corre-
sponding to the second parity check matrix 402 has an expan-
sion factor of 2.

The 4-cycle cyclic property may be maintained for the
two-block-row groups, as it 1s 1llustrated by entries 408-411
of the second parity check matrix 402 1 FIG. 4. These
expanded two block-rows can be processed simultaneously
since there 1s only one edge to be updated for these two
block-rows and thus no contlict exists. The first parity check
matrix 401 has an expansion factor of 4 and can be decoded in
a similar way with four-block-row groups processed simul-
taneously and only 4 cycles are needed for one 1teration.

The embodiment described above with reference to FIG. 7
supports all these codes without a change of the interconnec-
tion networks. The exemplary Rcv control module 1420
shown 1n FIG. 14 1s able to control the Rcv update according,
to the specified coding rate with some simple control logic
and multiplexers. Although the embodiment illustrated 1n
FIG. 8 can support the code with the maximum expansion
factor of 4, the architecture can be applied to any set of code
with any expansion factors.

The embodiment described above with reference to FIG. 8
illustrates a fully parallel implementation of the LDPC
decoder shown 1in FIG. 7. However, it should be noted that
embodiments can also be configured as semi-parallel imple-
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mentation as well. For example, the number of CNPs 704 (in
FIG. 7) may be reduced to one third for low-complexity
applications by time-sharing the CNPs. To support the
resource sharing, the direct interconnections 701 and 702
shown 1n FIG. 7 may for example be modified by inserting a

bank of multiplexers. This 1s illustrated in FIG. 15.

FIG. 15 shows a decoder 1500 according to an embodi-
ment.

The architecture of the decoder 1500 1s similar to the archi-
tecture of the decoder 800 and the decoder 1500 has similar
components as the decoder 800 described with reference to
FIG. 8.

A difference 1s that only 14 of check node processors are
instantiated in the decoder 1500 (CNP1-CNP7 istead of

CNP1-CNP21). For this, there are a bank of multiplexers
1501 1n the VN-to-CNP network and a bank of de-multiplex-
ers 1502 1n the CNP-to-VN network, 1.e. 1n the interconnec-

tions corresponding to the interconnections 701, 702 of the
decoder shown 1n FIG. 7.

This allows a CNP to process different data symbols stored
in the VN banks (at different times, 1.e. at different processing
time shares) by multiplexing the components stored 1n differ-
ent storage elements of the VIN banks to the same CNP (one
component for a certain processing time share) and de-mul-
tiplexing the output to the correct storage element.

The LDPC decoder designed in this way has lower
throughput but the silicon size 1s reduced.

According to one embodiment, a LDPC encoder architec-
ture 1s used as illustrated 1n FIG. 16.

FIG. 16 shows an encoder 1600 according to an embodi-
ment.

Compared with the architecture of the decoder 700 illus-
trated in F1G. 7, the encoder 1600 includes components 1601 -
1604 that are similar to the components 701-704 of the
decoder 700.

The encoder 1600 ditfers from the decoder 700 in that the
Rcv memory 705 and the parity check function 706 have been
removed for the encoder 1600. Further, the encoder 1600
includes a memory 1603 which 1s one-bit 1n bit-width and 1s
used to buffer the codeword, whereas the device 703 is to
store the soit LLR values from the channel (1.e. generated for
the received signal).

The encoder 1600 further includes a CNP array 1604 that
1s, according to an embodiment, less complicated as the
exemplary implementation of the CNP array 704 as 1t 1s
illustrated 1n FIG. 14.

In summary, according to one embodiment, the intercon-
nections 1601 and 1602, the memory 1603 and the CNP array
1604 may be regarded as subsets of the components 701 to
704 of the decoder 700 shown 1n FIG. 7, respectively.

An exemplary LDPC encoder in accordance with an
embodiment 1s shown 1 FIG. 17.

FIG. 17 shows an encoder 1700 according to an embodi-
ment.

The architecture of the encoder 1700 1s similar to the lay-
ered decoder 800 described above with reference to FIG. 8.

The encoder 1700 differs from the decoder 800 1n that the
Qv array (1.e. the VN banks) are initialized with information
bits to be encoded, and all the messages (1.e. the symbols)
exchanged by the interconnection lines 1711 to 1718 in the
encoder 17 are of 1-bit bit width. Furthermore, in one embodi-
ment, the CNPs 1706-1709 are implemented with less com-
plexity (1.e. are simpler) than the CNPs 806-809 of the
encoder 800.

FIG. 18 shows a check node processor 1800 according to
an embodiment.

[
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The CNP 1800 1s an example for the CNPs 1706-1709 of
the encoder 1700.

The CNP 1800 has components similar to the Rcv update

module 1400, such as grouping/reverse grouping modules
1801 and 1802, and 3-level exclusive OR (XOR) modules

1803-1805.

Accordingly, values 1806-1812 are generated in course of
the processing similar to values 1406-1412 of FIG. 14.

The only overhead of the CNP 1800 may be seen 1n mul-
tiplexers 1813 and associated control logic to select the cor-
rect parity check bit to the corresponding port (1.e. output).

The exemplary circuit shown in FIG. 18 for the check node
processor 1800 1s, according to one embodiment, able to
support all code rates corresponding to the parity check matri-

ces 401-403 shown 1n FIG. 4.

An exemplary encoder CNP circuit with less complexity
usable for the code corresponding to the third parity check
matrix 403 1s illustrated 1in FIG. 19.

FIG. 19 shows a check node processor 1900 according to
an embodiment.

For this code the grouping/reverse grouping modules 1801,
1802 are not necessary since the one ‘macro’ layer 1s just one
block-layer for this code.

The memory 1603 (Qv array) of the encoder 1600 1s 1n1-
tialized with a 28-bit information bit word from the incoming,
information bit-stream. The parity check banks of the Qv
array (1.¢. the 29th bank to the 32th bank of the Qv which
correspond to the parity bits) are (1mitially) filled with zeros.

A 32-mput XOR gate 1901 calculates the parity check bits
for different layers. The XORed bit 1s then output to the 29th
output port (via multiplexer 1902). At the first encoding cycle
the 29th parity check bit 1s generated and cyclically shifted to
the 32th bank of the Qv array through the CNP-to-VN-net-
work (which 1s configured as described above with for
example reference to FI1G. 11).

At the second encoding cycle the 30th parity bit 1s gener-
ated from all 28 1puts (1.e. information bits) plus the newly
generated 29th parity check bit (at the input port 32) and
output to the 29th output port again. In this manner four cycles
are used to fill the four parity check banks for the code
corresponding to the third parity check matrix 403 illustrated
in FI1G. 4.

The exemplary CNP circuitry illustrated 1n FIGS. 18 and

19 may for example be used for the architecture illustrated 1n
FIG. 17.
This architecture 1s similar to the exemplary decoding
architecture illustrated in FIG. 8. Theretore, this architecture
1s used, according to one embodiment, for both encoding and
decoding for half-duplex applications where the encoding
process can share the resources of the decoding process.

For full-duplex, simplex and broadcasting applications
where the explicit instantiation of both LDPC encoder and
decoder are compulsory, a slightly simpler encoder architec-
ture 1s used according to one embodiment. This 1s 1llustrated
in FIG. 20.

FIG. 20 shows an encoder 2000 according to an embodi-

ment.
The encoder 2000 includes information bit banks 2001-

2004, parity bit banks 2005, and a CNP array with 21 check
node processors 2006-2009.

In this example, the information bit banks 2001-2004 are
locally connected with each other, and the CNPs 2006-2009
only output parity check bits.

Similar to the decoder 800 shown in FIG. 8, the encoder
2000 1includes first bank connections 2011 and 2012 and
second bank connections 2013 and 2014.
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A flattened view of the exemplary architecture of the
encoder 2000 1s given 1n FIG. 21.

FIG. 21 shows an encoder 2100 according to an embodi-
ment.

The encoder 2100 corresponds to the encoder 2000 and
includes information bit banks 2101, parity check bit banks
2102, and CNPs 2105.

The information bit banks 2101 are imitialized with 1nfor-
mation bits to be encoded, the parity banks 2102 are initial-
1zed with all zeros. For the information bit banks 2101 (ini1-
tialized with information bits), a local cyclic connection 2103
1s used via which 1n each cycle, every information bit bank
2101 recerves the value previously stored 1n one of the other
information bit banks 2101. The values stored 1n the parity
check banks 2002 are, 1n contrast, updated by the respective
CNP output via CNP-to-VN connections 2104 (correspond-
ing to CNP-to-VN connections 2015-2018 for the parity

banks 1 FIG. 20). It should be noted that the VN-to-CNP

connections and the CNP-to-VN connections of the encoder
2100 implement cyclic shifts as explained above with refer-
ence to FIG. 9. For example, the cyclic shifts for the VIN-to-
CNP connections and the CNP-to-VN connections for the
parity bit banks 2102 are given by the last four block columns
numbered 29 to 32 of the third parity check matrix 403.

Examples for the architecture of the CNPs 2006-2009 are
shown 1n FIGS. 224 and 22b.

FIGS. 22a and 2256 show CNPs 2201, 2202 according to an
embodiment.

CNP 2201 shown 1n FIG. 22a may be used for all codes
corresponding to the parity check matrices 401-403, 1.e. for
all code rates.

CNP 2201 1s similar to the CNP 1800 described above with
reference to FI1G. 8 without the outputs labelled 1 to 16.

CNP 2202 may be used the code corresponding to the third
parity check matrix 403. It 1s similar to the CNP 1900
described above with reference to FIG. 19 but comprises only
the 29th output.

Though the above examples are described with reference to
the LDPC codes as defined in the IEEE 802.15.3¢ draft stan-
dard, embodiments can also be used for other codes than the
LDPC encoding intended for IEEE 802.15.3¢ wireless net-
works. For example, the embodiment described with refer-
ence to FIG. 16 may also be used for the LDPC codes pro-
posed to the emerging WiMedia standard as they are
illustrated 1n FIG. 23.

FI1G. 23 shows parity check matrices 2301, 2302 according,
to an embodiment.

The code corresponding to the first parity check matrix
2301 1s arate 0.6 LDPC code, and the code corresponding to
the second parity check matrix 2302 1s a code with code rate
0.8. As one can see from the marked entries 2303-2306, the
4-cycle cyclic structure of the second parity check matrix
2302 1s as 1n the parity check matrices 401-403 shown in FIG.
2.

To support these codes, the exemplary architectures 1llus-
trated in both FIG. 17 and FIG. 20 may be used. An exemplary
circuitry for a CNP to be used for the code corresponding to
the second parity check matrix 2302 1s illustrated in FIG. 24.

FI1G. 24 shows a check node processor 2400 according to
an embodiment.

Compared with the CNP 1900 for the code corresponding
to the third parity check matrix 403, the XOR gate 2401 1s
changed to a 40-mnput XOR gate and there 1s, in addition to the
multiplexer 2402, an additional multiplexer 2403 added at the
output port. This 1s because there 1s a similar block-wise
triangularity for the parity check portion of the parity check
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matrices. Similar circuitry can be used for the code corre-
sponding to the first parity check matrix 2301 in FIG. 23 as
well.

With one embodiment, e.g. an LDPC codec implementa-
tion with only hardwired interconnections, has the following
elfects:

It saves the resource for parity check matrix storage and the
complicated control logic for routing networks.

It 1s able to finish one iteration 1n just a few cycles which 1s
independent of the H row weight, thus suitable for high
throughput/low latency applications. Meanwhile the fast
convergence/performance 1s guaranteed since layered
decoding 1s employed.

Only fixed hard-wired interconnects are used, for multiple
LDPC codes derived from one ‘mother’ code. This
climinate the needs for ROM {for storing H matrix, and
greatly reduce the interconnect routing congestions in
IC design/place and route. The decoding latencies for all
these codes are same.

It provides flexible trade-oil between hardware complexity
and processing latency.

The encoder can make tully use of decoder resources with
trivial hardware overhead.

Both encoder and decoder have very low latency.

For comparison, a conventional LDPC encoder 2500 1s
illustrated in FIG. 25. It comprises a Hc decomposer 2501, an
u calculator 2502, and a p calculator 2503. To calculate u, one
has to store the parity check matrix and use complicated
address/control logic. Most importantly, 1n conventional
LDPC encoders, there are no concerns of decoding architec-
ture at all. In contrast, the LDPC encoder according to an

embodiment fully makes use of the resource of the LDPC
decoder and requires negligible overhead.

The invention claimed 1s:

1. A decoding circuit comprising a data buifer, comprising
a plurality of storage elements for storing data symbols; a
processing circuit comprising a plurality of inputs and a plu-
rality of outputs, wherein the processing circuit 1s configured
to process data symbols received via the plurality of mputs
and output the processed data symbols via the plurality of
outputs; wherein each storage element of the plurality of
storage elements 1s coupled to an associated input of the
plurality of mputs, wherein the association of the plurality of
storage elements with the plurality of inputs 1s determined by
a first decoding parameter; wherein each storage element of
the plurality of storage elements 1s coupled to an associated
output of the plurality of outputs, wherein the association of
the plurality of storage elements with the plurality of outputs
1s determined by a second decoding parameter; wherein the
first decoding parameter and the second decoding parameter
are determined by a decoding rule and wherein the first
decoding parameter and the second decoding parameter are
not changed throughout the decoding process; and wherein
the first decoding parameter and the second decoding param-
eter each specity a shift of a block of data symbols with
respect to the plurality of mmputs and the plurality of outputs.

2. The decoding circuit according to claim 1, wherein the
first decoding parameter and the second decoding parameter
are non-negative itegers.

3. The decoding circuit according to claim 1, wherein the
decoding rule 1s given by an error correction code.

4. The decoding circuit according to claim 3, wherein the
error correction code 1s a parity check code.

5. The decoding circuit according to claim 4, wherein the
error correction code 1s a low density parity check code.
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6. The decoding circuit according to claim 1, wherein the
data symbols correspond to transmission symbols recerved
via a communication channel.

7. The decoding circuit according to claim 6, wherein the
data symbols are Log-Likelihood Ratios for the transmission
symbols.

8. The decoding circuit according to claim 1, wherein the
processing circuit 1s configured to check based on the data
symbols whether a pre-determined criterion 1s fulfilled.

9. The decoding circuit according to claim 8, wherein the
pre-determined criterion 1s based on a parity checking of the
data symbols.

10. The decoding circuit according to claim 1, wherein
cach storage element 1s configured to output its stored data
symbol to 1ts associated input.

11. The decoding circuit according to claim 10, wherein
cach storage element 1s configured to, after outputting 1ts
stored data symbol to its associated input, receirve another
data symbol from its associated output, store the other data
symbol and output the other data symbol to 1ts associated
input.

12. The decoding circuit according to claim 1, wherein the
coupling of each storage element to its associated input 1s
hard-wired.

13. The decoding circuit according to claim 1, wherein the
coupling of each storage element to its associated output 1s
hard-wired.

14. The decoding circuit according to claim 1, being a
circuit for both encoding and decoding.

15. An encoding circuit comprising a data butler, compris-
ing a plurality of storage elements for storing data symbols; a
processing circuit comprising a plurality of inputs and a plu-
rality of outputs, wherein the processing circuit 1s configured
to process data symbols received via the plurality of mputs
and output the processed data symbols via the plurality of
outputs; wherein each storage element of the plurality of
storage elements 1s coupled to an associated mput of the
plurality of mnputs, wherein the association of the plurality of
storage elements with the plurality of inputs 1s determined by
a 1irst encoding parameter; wherein each storage element of
the plurality of storage elements 1s coupled to an associated
output of the plurality of outputs, wherein the association of
the plurality of storage elements with the plurality of outputs
1s determined by a second encoding parameter wherein the
first encoding parameter and the second encoding parameter
are determined by a encoding rule wherein the first encoding
parameter and the second encoding parameter are not
changed throughout the encoding process; and wherein the
first decoding parameter and the second decoding parameter
cach specily a shift of a block of data symbols with respect to
the plurality of inputs and the plurality of outputs.

16. A communication system comprising a recerver with a
decoding circuit and a transmitter with an encoding circuit,
the decoding circuit comprising: a data butfer, comprising a
plurality of storage elements for storing data symbols; a pro-
cessing circuit comprising a plurality of inputs and a plurality
ol outputs, wherein the processing circuit 1s configured to
process data symbols recerved via the plurality of imnputs and
output the processed data symbols via the plurality of outputs;
wherein each storage element of the plurality of storage ele-
ments 1s coupled to an associated nput of the plurality of
inputs, wherein the association of the plurality of storage
clements with the plurality of inputs 1s determined by a first
decoding parameter; wherein each storage element of the
plurality of storage elements 1s coupled to an associated out-
put of the plurality of outputs, wherein the association of the
plurality of storage elements with the plurality of outputs 1s
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determined by a second decoding parameter; wherein the first
decoding parameter and the second decoding parameter are
determined by a decoding rule and wherein the first decoding
parameter and the second decoding parameter are not
changed throughout the decoding process; the encoding cir-
cuit comprising: a data butler, comprising a plurality of stor-
age elements for storing data symbols; a processing circuit
comprising a plurality of inputs and a plurality of outputs,
wherein the processing circuit 1s configured to process data
symbols received via the plurality of mputs and output the
processed data symbols via the plurality of outputs; wherein
cach storage element of the plurality of storage elements 1s
coupled to an associated mput of the plurality of inputs,
wherein the association of the plurality of storage elements
with the plurality of inputs 1s determined by a first encoding
parameter; wherein each storage element of the plurality of
storage elements 1s coupled to an associated output of the
plurality of outputs, wherein the association of the plurality of
storage elements with the plurality of outputs 1s determined
by a second encoding parameter wherein the first encoding
parameter and the second encoding parameter are determined
by a encoding rule wherein the first encoding parameter and
the second encoding parameter are not changed throughout
the encoding process; and wherein the first decoding param-
eter and the second decoding parameter each specily a shift of
a block of data symbols with respect to the plurality of inputs
and the plurality of outputs.

17. A method for decoding comprising coupling each stor-
age element of a plurality of storage elements for storing data
symbols to an associated input of a plurality of mputs of a
processing circuit being configured to process data symbols
received via the plurality of inputs and output the processed
data symbols via a plurality of outputs, wherein the associa-
tion of the plurality of storage elements with the plurality of
inputs 1s determined by a first decoding parameter; coupling
cach storage element of the plurality of storage elements to an
associated output of the plurality of outputs, wherein the
association of the plurality of storage elements with the plu-
rality of outputs 1s determined by a second decoding param-
cter; wherein the first decoding parameter and the second
decoding parameter are determined by a decoding rule and
wherein the first decoding parameter and the second decoding
parameter are not changed throughout the decoding process;
and wherein the first decoding parameter and the second
decoding parameter each specily a shift of a block of data
symbols with respect to the plurality of inputs and the plural-
ity ol outputs.

18. A method for encoding comprising coupling each stor-
age element of a plurality of storage elements for storing data
symbols to an associated input of a plurality of mnputs of a
processing circuit being configured to process data symbols
received via the plurality of inputs and output the processed
data symbols via a plurality of outputs, wherein the associa-
tion of the plurality of storage elements with the plurality of
inputs 1s determined by a first encoding parameter; coupling
cach storage element of the plurality of storage elements to an
associated output of the plurality of outputs, wherein the
association of the plurality of storage elements with the plu-
rality of outputs 1s determined by a second encoding param-
cter; wherein the first encoding parameter and the second

encoding parameter are determined by a encoding rule and
wherein the first encoding parameter and the second encoding
parameter are not changed throughout the decoding process;
and wherein the first decoding parameter and the second
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decoding parameter each specily a shift of a block of data
symbols with respect to the plurality of inputs and the plural-
ity ol outputs.

22



	Front Page
	Drawings
	Specification
	Claims

